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RECOMBINANT ADENO-ASSOCIATED VIRUS PRODUCTION 



Field of the Invention 

The present invention relates to methods and materials for recombinant 

5 adeno-associated virus production. More particularly, the invention relates to use of 
recombinant adenpvirus encoding adeno-associated virus protein in recombinant 
adeno-associated virus production methods. 



Background 

10 Adeno-associated virus (AAV) is a replication-deficient parvovirus, the 

single-stranded DNA genome of which is about 4.7 kb in length including 145 
nucleotide inverted terminal repeat (ITRs). The nucleotide sequence of the AAV 
serotype 2 (AAV2) genome is presented in Srivastava et aL, J. Virol. , 45: 555-564 
(1983) as corrected by Ruffing aL, J. Gen. ViroL, 75: 3385-3392 (1994). Cis- 

15 acting sequences directing viral DNA replication (rep), encapsidation/packaging and 
host cell chromosome integration are contained within the ITRs. Three AAV 
promoters, p5, pl9, and p40 (named for their relative map locations), drive the 
expression of the two AAV internal open reading frames encoding rep and cap 
genes. The two rep promoters (p5 and pi 9), coupled with the differential splicing 

20 of the single AAV intron (at nucleotides 2107 and 2227), result in the production of 
four rep proteins (Rep 78, Rep 68, Rep 52, and Rep 40) from the rep gene. Rep 78 
and Rep 68, are respectively expressed from imspliced and spliced transcripts 
initiating at the p5 promoter, while Rep 52 and Rep 40, are respectively expressed 
from unspliced and spliced transcripts initiating at the pl9 promoter. Rep proteins 

25 possess multiple enzymatic properties which are ultimately responsible for 

replicating the viral genome. Rep 78 and 68 appear to be involved in AAV DNA 
replication and in regulating AAV promoters, while Rep 52 and 40 appear to be 
involved in formation of single-stranded AAV DNA. The cap gene is expressed 
from the p40 promoter and it encodes the three capsid proteins VPl, VP2, and VP3. 

30 Alternative splicing and non-consensus translational start sites are responsible for 
the production of the three related capsid proteins. A single consensus 
polyadenylation site is located at map position 95 of the AAV genome. The life 
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cycle and genetics of AAV are reviewed in Muzyczka, Current Topics in 
Microbiology and Immunology, 158: 97-129 (1992). 

When wild type AAV infects a human cell, the viral genome can integrate 
into chromosome 19 resulting in latent infection of the cell. Production of infectious 
5 virus does not occur unless the cell is infected with a helper virus (for example, 
adenovirus or herpesvims). In the case of adenovirus, genes ElA, ElB, E2A, E4 
and VA provide helper functions. Upon infection with a helper vims, the AAV 
pro vims is rescued and amplified, and both AAV and adenovirus are produced. 

AAV possesses unique features that make it attractive for delivering DNA to 

10 cells in a clinical application, for example, as a gene therapy vector or an 

immunization vector. AAV infection of cells in culture is noncytopathic, and 
natural infection of humans and other animals is silent and asymptomatic. 
Moreover, AAV infects many manunalian cells allowing the possibility of targeting 
many different tissues in vivo. The AAV proviral genome is infectious as cloned 

15 DNA in plasmids which makes constmction of recombinant genomes feasible. 

Furthermore, because the signals directing AAV replication, genome encapsidation 
and integration are contained within the ITRs of the AAV genome, some or all of 
the internal approximately 4.3 kb of the genome (encoding replication and stmctural 
capsid proteins, rep-cap) may be replaced with foreign DNA such as a gene cassette 

20 containing a promoter, a DNA of interest and a polyadenylation signal. The rep and 
cap proteins may be provided in trans. Another significant feature of AAV is that it 
is an extremely stable and hearty vims. It easily withstands the conditions used to 
inactivate adenovirus (56° to 65°C for several hours), making cold preservation of 
AAV-vectors less critical. AAV may even be lyophilized. Finally, AAV-infected 

25 cells are not resistant to superinfection. 

Production of rAAV requires the AAV rep78/68 and rep52/40 genes and 
expression of their gene products, a DNA of interest flanked by AAV ITRs, helper 
functions provided by an AAV helper virus, and a cell line comprising these 
components that is permissive for AAV replication. Examples of helper vims 

30 functions are adenovims genes El, E2A, E4 and VA (Carter, Adeno-associated 
viras helper functions. In "Handbook of Parvovimses" Vol I (P.Tjissen, ed;) CRC 
Press, Boca Raton, pp 255-282, 1989). Wild type AAV (wt AAV) has one of the 



largest burst sizes of any virus follpwing infection of cells with AAV and 
adenovirus. This may be well in excess of 100,000 particles per cell (Aitken et ai, 
. Hum Gene Therapy, 72:1907-1916, 2001), while some rAAV production systems 
have been reported to achieve 10e3 or 10e4 particles per cell. Rep proteins are 
5 absolutely required for both wt AAV and rAAV replication and assembly of intact 
infectious particles, as summarized in Carter et al. , AAV vectors for gene therapy. 
In "Gene and Cell Therapy: Therapeutic Mechanisms and Strategies", Second 
Edition (Ed. N. Templeton-Smith), pp 53-101, Marcel Dekker, New York, 2004) 
Expression of the rep proteins during the replicative phase of AAV production is 

10 both autoregulated and highly coordinated at the transcription level exhibiting both 
positive and negative regulatory activities. The relative ratio of the rep proteins 
necessary to achieve rAAV vector production levels equivalent to WT AAV has not 
been fully understood. See Li et al, J Virol, 77:5236-5243 (1997); Xiao et al, J 
V/w/, 72:2224-2232 (1998); MatusWta er G^ne TTi^rapy^ 

15 and Carter et al , AAV vectors for gene therapy, in "Gene and Cell Therapy: 
Therapeutic Mechanisn^ and Strategies", Second Edition (Ed. N. Templeton- 
Smith), pp 53-101, Marcel Dekker, New York. Numerous vector production 
methods have been described which have altered the relative ratios of rep 52/40 and 
rep 78/68 by decoupling regulation of their respective promoters. See, e.g., 

20 Natsoulis, U.S. Patent No. 5,622,856; Natsoulis et al., U.S. Patent No. 6,365,403; 
Allen et al., U.S. Patent No. 6,541,258; Trempe et al., U.S. Patent No. 5,837,484; 
Flotte et al., U.S. Patent No. 5,658,776; Wilson et al. U.S. 6,475,769; Fan and 
Dong, Human Gene Therapy, 5:87-98 (1997); and Vincent et al, J Virol 
7/: 1897-1905 (1997). This decoupling of the large and small rep proteins at the 

25 transcriptional has been achieved by a number of methods including, replacing the 
native p5, pl9, and p40 native AAV promoters either completely or in some 
combination with heterologous promoters, inducible pronioters; or by physical 
means of either placing the components on separate genetic elements including 
without limitation separate plasmids; or by utilizing separate genetic construct for 

30 transducing or transfecting the permissive cell line including carrier viruses such as 
adenovirus or herpes virus; inserting additional spacer elements, or physically 
rearranging the rep gene or its regulatory sequences within a single genetic 
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construct. These strategies have been employed both for transient production 
systems where one or more of the components are introduced to the permissive cell 
line via plasmid transfection; hybrid viral infection such as recombinant 
adenoviruses, herpes virus, or baculovirus; or in stable cell line approaches utilizing 
5 production from transformed cancerous cells permissive for AAV production such 
as HELA and 293 cells. 

A requirement for the clinical use of recombinant AAV for DNA delivery is 
a highly efficient scheme for production of infectious recombinant yirus that is 
reproducible and commercially scalable. In addition, in certain applications such as 
10 rAAV use as vectors for inducing immunity it may be desirable to produce r AAV in 
cells that are noted based upon transformed cancer cell lines or that have 
demonstrated pharmaco vigilance profiles. There thus remains a need in the art for 
alternative production methods and materials. 

15 Summary of the Invention 

The present invention provides methods and materials useful for producing 
infectious recombinant AAV (rAAV). Compared to previous methods and 
materials, the methods and materials of the invention allow more rAAV genomes of 
lengths approaching wild type AAV genome length (about 4.7 kb) to be 

20 encapsidated into infectious rAAV particles and/or allow production of rAAV in 
cells other than transformed cancer cells. 

In one enibodiment, methods and materials are provided for increased AAV 
Rep 52 and Rep 40 protein expression in cells producing rAAV. In contrast to 
previous methods which rely on decreasing the expression of Rep 78 and 6S 

25 proteins, the present inventors contemplate that rAAV can be better produced not by 
intentionally decreasing expression of Rep 78 and 68 proteins, but instead by 
intentionally overexpressing Rep 52 and Rep 40 proteins and/or providing 
supplemental Rep 52 and Rep 40 proteins. The inventors contemplate that Rep 78 
and Rep 68 proteins in their cells and methods are expressed at about the same level 

30 as if the proteins were being expressed in the same system from a constmct 
comprising the p5 promoter and rep DNA in their native conformations. For 
example, in methods and cells of the invention exemplified below. Rep 78 and Rep 



68 proteins are expressed from the AAV p5 promoter in native conformation. Thus 
it is contemplated with respect to this embodiment of the invention, that methods 
and cells of the invention overexpress Rep 52 and Rep 40 proteins, but no attempt is 
made to intentionally decrease expression of Rep 78 and Rep 68 proteins (e.g., no 
5 attempt is made to genetically down-regulate Rep 78 and Rep 68 protein 
expression). 

The invention thus provides an infectious recombinant adeno-associated 
virus-producing cell that contains a rAAV genome, AAV rep-cap proteins and AAV 
helper functions and that overexpresses AAV Rep 52 and Rep 40 proteins while 
10 expressing AAV Rep 78 and Rep 68 proteins at about the level as if controlled by 
the p5 promoter in native conformation. 

Numerous appropriate rAAV genomes are described in the art and may be 
used in the invention. rAAV genomes usually comprise one or more DN As of 
interest flanked by AAV ITRs or an expression cassette (one or more DNAs of 
15 interest operatively linked to a promoter and polyadenylation signal for expression) 
flanked by AAV ITRs. The DNAs of interest may encode a protein or a catalytic 
RNA, as is understood in the art. . 

The rAAV-producing cell produces all AAV rep and cap proteins but, in 
addition, overexpresses Rep 52 and 40 proteins or contains supplemental Rep 52 and 
20 40 proteins. 

AAV helper functions are those helper functions provided by a helper viras 
of AAV. Helper viruses of AAV are known in the art and include, for example, 
adenovirus and herpesvirus. Helper virus may be used to infect the cell or helper 
virus protein alone may be expressed in, or provided to, the cell. 
25 As discussed above, the cell has not been manipulated to produce Rep 78 and 

Rep 68 proteins at intentionally decreased levels compared to levels that would be 
normally expressed from the wild-type p5 promoter in that same or equivalent cell. 

It is contemplated that any comparison of expression levels of rep proteins 
may be conducted at the RNA and/or protein level and may be analyzed by 
30 techniques standard in the art such as Northern blotting or Western blotting. 

Methods of producing such a cell are provided by the invention. One 
method involves providing AAV helper functions to a cell containing a rAAV 
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genome and AAV rep-cap proteins, then subsequently infecting the cell with any 
appropriate recombinant vector encoding AAV Rep 52 and Rep 40 proteins and 
culturing the resulting rAAV-producing cell. The recombinant vector may comprise 
a viral vector such as a recombinant adenovirus vector. The recombinant 
5 adenovirus vector may be made or derived from a human or simian adenovirus 
vector. 

The invention provides rAd that stably express the AAV Rep52 and Rep 40 
proteins. A rAd of the invention is the replication competent E3-deleted rAd type 5 
viral vector rAd5/E3/TRE-rep52/40-3. 1 . Expression of the Rep 52 and Rep 40 

10 proteins in rAd of the invention may be driven by a Ad promoter or by another 

promoter. The promoter may be an inducible promoter. rAd of the invention may 
be an El-deleted, rather than E3-deleted rAd, if El is provided to, or found in, the 
cells that are to produce rAAV. 

In the method, the cells may be stably transformed with the rAAV genome 

15 and AAV rep-cap genes. Such transformed cells are described in U.S. Patent No. 
5,658,785; Clark etaL, Hum. Gene. Ther., 10(6): 1031-1039 (1999); and Clark 
a/.. Hum. Gene. Ther., 8(6): 659-669 (1997), each of which are incorporated by 
reference herein. 

As stated above, in this method the transformed cells are first provided with 
20 AAV helper functions and then subsequently infected with a rAd of the invention. 
A preferred time for infection of cells with rAd of the invention is between about 12 
and about 18 hours after after provision of AAV helper functions. 

In another method for generating such cells, supplemental AAV Rep 52 and 
Rep 40 proteins are introduced into a cell containing a rAAV genome and AAV rep- 
25 cap proteins, AAV helper functions are provided to the cell and the resulting rAAV- 
producing cell is cultured. The supplemental AAV Rep 52 and Rep 40 proteins may 
be introduced by introducing an additional AAV rep52/40 expression cassette into 
the cell. 

The rAAV-producing cells of the invention may be HeLa cells, 293 cells and 
30 PerC.6 cells (a cognate 293 line). The rAAV-producing cells of the invention may 
also be cells that are not transformed cancer cells such as low passage 293 cells 
(human fetal kidney cells transformed with El of adenovirus), Vero cells (monkey 
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kidney cells) and FRhL-2 cells (rhesus fetal lung cells). If the cells are human cells 
the rAd used in the methods is derived from a human Ad. If the cells are simian 
cells (e.g., Vero or FRhL-2 cells) the rAd used in the methods is derived from a 
simian Ad. 

5 In another embodiment, the rAAV-producing are simian cells. Such cells 

may be made by any of the methods described herein wherein a simian Ad helper 
virus functions are used. One method specific method contemplated is infecting 
simian cells stably transformed with a rAAV genome and rAAV rep-cap DNA 
according to U.S. Patent No. 5,658,785; Clark etaL, Hum. Gene. Then, 10(6): 

10 1031-1039 (1999); and Clark et al.. Hum. Gene. Ther., 5(6): 659-669 (1997)(all of 
which are incorporated by reference above) with a simian Ad such as SV-20 (ATCC 
VR-199), and culturing the resulting rAAV-producing cell. In such methods, use of 
the simian Ad helper virus functions increases the expression of AAV rep proteins 
in comparison to the expression of AAV rep proteins observed when a himian Ad 

15 helper virus is used. The simian Ad helper virus used may be optimally matched to 
the serotype of the rAAV ITRs as would be understood by a person skilled in the 
art. Additional simian helper viruses useful in methods of the invention may be 
identified by screening rAAV ITR serotypes, pseudotypes oe chimeras in 
combination with simian viruses known in the art in a simian cell of interest for the 

20 abililty to support production of infectious rAAV. 

In yet another embodiment of the invention [particularly useful for, but not 
limited to, rAAV-producing cells such as MRC-5 cells (human fetal fibroblasts) and 
WI-38 cells (human fetal fibroblasts) that are not transformed cancer cells and are 
cells that undergo senescence after a limited number of population doublings] may 

25 be made by a method of the invention. In the method, a cell is infected with one or 
niore rAd and one or more recombinant vaccinia viruses (rVV) containing DNA in 
expression cassettes and the resulting rAAV-producing cell is cultured. The rAd(s) 
provide a rAAV genome and AAV cap DNA, the rW provides rAAV rep 78 DNA 
and either rAd or rVV provides rAAV rep52/40 DNA. 

30 In one method, cells that are to produce rAAV are infected with E3-deleted 

rAd encoding Rep52/40 proteins, E3-deleted rAd encoding AAV cap proteins and 
E3- deleted rAd containing a rAAV genome, and the cells are also infected with 
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vaccinia virus encoding AAV Rep78/68 proteins. Leonard and Berns, V/rc>/ogy, 
200: 566-573 (1994) describes methods that can be used to generate such vaccinia 
virus and is incorporated by reference herein. Alternatively, the cells are infected 
with E3-deleted rAd both encoding AAV cap proteins and containing an rAAV 
5 genome, and are infected with vaccinia virus encoding both the AAV Rep78/68 and 
Rep52/40 proteins. Again, rAd of the invention may be El-deleted, rather than E3- 
deleted, rAd if El is provided to, or found in, the cells that are to produce rAAV. 

It is contemplated that AAV and Ad DNA, or viruses, used in the invention 
may be derived from any AAV serotype, or any human or non-human primate Ad 
10 serotype, for which recombinant viruses can be derived as would be understood by a 
person skilled in the art. 

Infectious rAAV are produced by culturing rAAV-producing cells generated 
by methods of the invention and isolating the rAAV by methods standard in the art. 
Infectious rAAV generated by the cells described herein which are either non- 
15 cancerous and/or have been previously used for the production of FDA-accepted 
biologies are particularly useful for eliciting an immune response in a human and 
vaccine production. 

Numerous other aspects and advantages of the present invention will be 
apparent upon consideration of the following drawing and detailed description. 

20 

Brief Description of the Drawing 

Figure 1 is the DNA sequence (SEQ ID NO: 1) of a 2,061 bp restriction 
fragment from plasmid pTRE-Rep52/40 comprismg the TRE-Rep52/40 expression 
cassette. 

25 Figure 2 shows Rep western blot analysis of primary and secondary plaque 

isolates following infection of 293 cells to generate rAd5/E3/TRE-rep52/40. 

Figure 3 shows western blot analysis for rep expression of cell lysates 
following infection with rAd5/E3/TRE-rep52/40. 

Figure 4 shows a temporal effect of Ad5/E3/TRE-rep52/40-3-3. 1 infection. 
30 Figure 5 shows overexpression of Rep52/40 in cell lines 2F106 and 2G2 

augments rAAV yields. 
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Figure 6 shows the results of an experiment evaluating simian adenoviruses 
as helper viruses for rAAV production. 

Figure 7 shows production of infectious rAAV following quad-infection of 
HeLa cells. 

5 Figure 8 shows production of infectious rAAV following quad-infection of 

MRC-5 cells 

Detailed Description 

The present invention is illustrated by the following examples relating to the 
10 production of rAAV using a recombinant, E3-deleted Ad type 5 viral vector 

(designated rAd5/E3/TRE-rep52/40-3.1) that stably expresses AAV-2 Rep52 and 
Rep40 proteins. Example 1 describes the construction of plasmid pTRE-Rep52/40. 
Example 2 describes the molecular cloning of the TRE-Rep52/40 expression cassette 
into a rAd type 5 shuttle plasmid. Example 3 describes the generation of 
1 5 r Ad5/E3/TRE-rep52/40-3 . 1 . Example 4 describes the use of rAd5/E3/TRE- 

rep52/40-3.1 to produce rAAV in HeLa cells. Example 5 describes stable rAAV 
producer cells lines containing an additional rep52/40 gene expression cassette. 
Also illustrating the invention are the following examples relating to other 
enibodiments of the invention involving production of rAAV in non-cancerous cells. 
20 Production of rAAV in Vero and MRC-5 cells is described in Example 6. Finally, 
Example 7 describes purification methods for rAAV produced by methods of the 
invention. 

Example 1 

25 Molecular cloning of plasmid pTRE-Rep52/40 

The AAV-2 Rep52/40 open reading frame (1 ,260 base pairs) was PGR 
amplified using plasmid pBS/rep-cap/neotk [Clark et aL, Hum. Gene Ther,, 6: 
1329-1341 (1995)] as the DN A template. The AAV-2 rep 52/40 sequences were 
amplified by PGR using the following primers: forward primer 5' 

30 CCGTGAATTCCC AGGATGGAGGTGGTGGGGTGGGTCG 3* (SEQ ID NO: 2) 
and reverse primer 5' GCGTGTCTAGA TCAGAGAGAGTGTCCTCGAGG 3* 
(SEQ ID NO: 3). A 100 ul PGR reaction was performed using Pfu Turbo 
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Polymerase (Stratagene) under standard PGR cycling conditions (1 cycle at 95 "^C fa 
5 minutes; 30 cycles at 95 ""C for 1 minute, at 55'C for 30 seconds, and at 72°C for 

2 minutes, 30 seconds; and 1 cycle at 72°C for? minutes). The resulting 1.26 kb 
PGR product was gel isolated and purified using the Qiagen PGR Glean-up Kit and 

5 subsequently digested with restriction enzymes EcoR I and Xba L The restriction 
digested 1.26 kb rep52/40 PGR fragment was cloned into the 3.1 kb pTRE 
commercial vector (Glontech) that was also digested with EcoR 1 and Xba I 
restriction enzymes using the Rapid DNA Ligation Kit (Roche). The resulting 
ligation mixture was used to transform MAX Efficiency DH5a competent cells 
10 (Gibco BRL) and plated onto LB/Ampicillin medium. Recombinant colonies were 
screened and identified by restriction enzyme digestion (EcoR I and Xba I), yielding 

3 pTRE-Rep52/40 plasmid clones (clone numbers 2, 3, and 4). Glone 2 was chosen 
for further work. 

15 Example 2 

Molecular cloning of the TRE-Rep52/40 expression cassette 
into the recombinant adenovirus type 5 shuttle plasmid 
The TRE-Rep52/40 expression cassette was released fi"om clone 2 as a 2,061 
bp DNA restriction fragment from plasmid pTRE-Rep52/40 by digestion with Ssp I 

20 and Mfe I flanking restriction enzymes and gel band isolated. The DNA sequence 
of the restriction fragment (SEQ ID NO: 1) is set out in Figure 1 . The TRE- 
Rep52/40 fragment was blunt-ended using T4 DNA polymerase prior to cloning into 
the Sea I site of the adenovirus shuttle vector pAb26 (Microbix, Inc.) using the 
Rapid DNA Ligation Kit (Roche). The resulting ligation mixture was used to 

25 transform MAX Efficiency DH5a competent cells (Gibco BRL) and plated onto 
LB/ampicillin medium. Recombinant colonies were screened and identified by 
restriction enzyme digestion and two recombinant clones were identified (clones 30 
and 35) that yielded plasmid pAb26/TRE-Rep52/40 (15.97 kb in size). A single 
clone (#30) was analyzed for Rep52/40 expression by transient plasmid transfection 

30 of 293 cells to confirm the structural integrity of the Rep52/40 coding sequences. 
Western blot analysis using the commercial anti-AAV Rep antibodies (Glones 303.9 
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and 226.7, American Research Products) confirmed the expected Rep52/40 
expression. 

Example 3 

5 Generation of an E3-deleted, replication competent recombinant 

adenovirus type 5 expressing the AAV-2 Rep52 ad Rep40 proteins 
The method of Graham and Prevec, MoL BiotechnoL, 3: 207 (1995) was 
used to generate a recombinant adenovims type 5 expressing AAV-2 Rep52/40 
proteins. The method is based on in vivo homologous recombination in 293 cells 

10 between shared adenovirus sequences present on the pAB26 shuttle plasmid and a 
larger helper adenovims plasmid (pFG173, Microbix, Inc.) that contains the 
majority of the adenovirus genome. Introduction of this plasmid pair (pAB26 and 
pFG173) into 293 cells by DNA transfection allows for the generation of 
recombinant type 5 adenovimses that contain an insertion in the E3 early region. 

15 Since this region is dispensable for adenovirus growth in culture, the resulting 
recombinant vims is replication competent. Accordingly, low-passage 293 cells 
(106 cells per dish, 6 dishes total) were transfected with DNA plasmids pFG173 (10 
ug per dish) and pAB26/TRE-rep52/40 (clone 30, 10 ug per dish) using the CaP04 
precipitation method of DNA transfection. Twenty-one days post-transfection, 

20 adenovirus induced cytopathic effect became visible in two of the transfected cell 
dishes. Clarified cellular ly sates from each plate were generated by 3 freeze/thaw 
cycles and shown to possess Rep52/40 activity based on western blot analysis. 

The clarified cell lysates were serially diluted (10-fold) and used to infect 
293 cells that were subsequently overlaid with nutrient agarose to isolate primary 

25 plaque viral isolates. Forty-eight hours post-infection, cell lysates were analyzed by 
Western blot using a 1 : 1 cocktail of commercial anti-AAV Rep antibodies 
(Monoclonal antibodies 303.9 and 226.7, American Research Products) at a dilution 
of 1 : 50. Rep protein was visualized using an anti-mouse-HRP conjugated secondary 
antibody (1:5000 dilution, Sigma), followed by visualization using the ECL Western 

30 Blot Detection Kit (Amersham). Results are shown in Figure 2 wherein control 
samples containing uninfected 293 cell lysate are labeled "293". Two primary 
plaque isolates (3 and 5) were identified that expressed Rep52 and to a lesser extent 



- 12- 



Rep40 and were termed rAd5/E3/TRE-rep52/40-3 and rAd5/E3/TRE-rep52/40-5, 
respectively. 

Rep52/40 expression was originally intended to be controlled by the 
tetracycline induction system (hence, inclusion of the TRE upstream of the rep52/40 
5 gene). However, Rep52/40 expression occurred in the absence of the tTA 

regulatory protein (Figure 1). Because the Rep52/40 reading frame was oriented 5' 
to 3' relative to the upstream major late promoter element (MLP), it is likely that 
transcriptional read-through into the E3 region from the MLP element explained the 
tTA independent expression. 

10 A second round of plaque purification was performed on isolate 3 and all 

secondary viral isolates analyzed expressed Rep52 and Rep40 (Figure 2, isolates 
3.1, 3.2, 3.3, 3.4, 3.5). Secondary plaque isolate 3.1 was expanded in 293 cells 
and a large-scale viral preparation generated (2x107 pfii/ml). 

To confirm stable expression of Rep52 and Rep40 proteins by the rAdS, 

15 three cell lines were infected with the virus stock (rAd5/E3/TRE-rep52/40-3.1) at 
multiplicities of infection (moi) ranging from 0. 1 pfu per cell to 50 pfii per cell. 
As shown in Figure 3, three cell lines were analyzed (HeLa, 293, and D6). D6 
cells are a HeLa derived cell line that expresses all four AAV-2 Rep proteins 
following Ad5 infection and served as the positive control to delineate the position 

20 of all 4 Rep proteins (lane 1). Robust expression of Rep52 and Rep40 was observed 
at all multiplicities of infection assayed (0.1, 1, 3, 10, or 50). All three cell types 
(HeLa, 293, and D6) infected demonstrated robust Rep52 and Rep40 expression. 
This stable expression is in contrast to rAd encoding Rep 78 and 68 which lose their 
Rep78/68 insert over time. 

25 

Example 4 
rAAV-2 vector production in HeLa cells 
rAAV was produced by rAd5/E3/TRE-rep52/40-3 . 1 infection of the rAAV- 
2/fi-gal producer cell line D6 [a HeLa cell piroducer line that yields rAAV2/6-gal 
30 that is described in Clark et aL, Hum. Gene. Ther., 10(6): 1031-1039 (1999); and 
Clark et aL, Hum. Gene. Ther., 8(6): 659-669 (1997)]. 



- 13 - 



In initial experiments, infection of D6 cells with rAci5/E3/TRE-rep52/40-3.1 
alone yielded little or no rAAV-2/6-gal. Analysis of Rep expression levels indicated 
that rapid overexpression of the Rep52 and Rep40 proteins (mediated by 
rAd5/E3/TRE-rep52/40-3.1) inhibited Rep78 and Rep 68 expression (which are 
5 absolutely required for rAAV-2 vector synthesis). 

To overcome this inhibition, initial and early expression of Rep78 and Rep 
68 was obtained by infecting D6 cells with wild-type Ad5 before infecting with 
rAd5/E3/TRE-rep52/40-3 . 1 . A time course of Ad5 and rAd5/E3/TRE-rep52/40- 
3.1 co-infection was performed, whereby D6 producer cells were initially Ad5 

10 infected, then at progressively later time points, the cells were also infected with 

rAd5/E3/TRE-rep52/40-3.1, After development of maximum adenovirus cytopathic 
effect, cells were analyzed for Rep expression and infectious rAAV-2/B-gal yields. 
Results are presented in Figure 4 wherein the top panel is Rep western blot analysis 
of D6 cell ly sates following infection with wild-type Ad5 alone (moi 20, lane 2)or 

15 co-infection with rAd5/E3TRE-rep52/40-3.1 (moi = 10, lanes 3-7). Time (h) 
denotes how many hours following wild typeAdS infection the rAd vector was 
added to the D6 cells. The bottom panel of Figure 4 depicts the yield of infectious 
rAAV-2/p-gal from D6 cells under the indicated infection conditions. Infectious 
rAAV-2/p-gal titers were determined as previously described in Clark et aL, Gene 

20 TTi^r., 5.1124-1132(1996). 

Co-infection with both vimses yielded very little rAAV-2 vector (iFigure 4, 
lane 3). However, at 12 and 18 hours post-Ad5 infection, infection with 
r Ad5/E3/TRE-rep52/40-3 . 1 resulted in efficient overexpression of Rep52 and 
Rep40, in the presence of Rep78 and Rep68 expression. These infection conditions 

25 (12 and 18 hours post-infection) resulted in an increase in infectious rAAV-2/li-gal 
yield by 3 - 7 fold compared to wild-type Ad5 infection alone (Figure 4, lane 2). 
These data demonstrated that RepS2/40 supplementation can dramatically increase 
infectious rAAV-2 yields from stable cell lines such as HeLa cell lines (or 
transformed 293 cell lines). 



30 
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Example 5 

Stable rAAV producer cells lines with an additional 
rep52/40 gene expression cassette 
The rep52/40 proteins may be overexpressed in a stable cell line to achieve 
5 enhanced yields of rAAV. 

A series of HeLa rAAV producer cell lines that harbored an additional rep- 
52/40 gene expression cassette was generated. To allow for adenovirus inducible 
expression, the tet-responsive element promoter (TRE) was employed to drive 
Rep52/40 expression. Accordingly, the TRE-rep52/40 cassette was cloned into the 
10 rAAV/fi-gal producer plasmid and generated plasmid pAAV/CMV/B-gal/rep- 
cap/TRE-rep52/40/neotk. Producer cell lines were isolated as described above. 
Western blot analysis revealed that the 2F106, 2B9, and 2G2 cell lines all expressed 
higher levels of the rep52/40 proteins after Ad5 infection compared to standard HeLa 
producer cell lines (like line D6). Moreover, enhancement in single-strand vector 
15 DNA accumulation was also observed in these lines compared to the standard D6 cell 
lines, which is consistent with enhanced small rep protein synthesis in these modified 
cell lines. 

Li addition, a direct rAAV/fi-gal yield comparison between the standard D6 
line and two Rep52/40 overexpressing cell lines (2G2 and 2F106) was performed. A 

20 total of 3x10^ cells were Ad5 infected (moi=20) and 48 hr later a clarified cell lysate 
was obtained. DNA containing particles (DRP) were quantified using real-time 
Taqman PGR (CMV primer/probe) for each cell line. Infectious rAAV/fi-gal particles 
in the lysates were measured by diluting the lysate 1 ,000-fold and infecting an 
indicator cell line (C12 + Ad5) for 24 hr. B-gal positive cells per well (2 wells total) 

25 were counted following X-gal staining the data shown is the average of the 2 well 
total- Results are shown in Figure 5. 

Both rep52/40 modified cell lines outperformed the rAAV2/B-gal producer 
cell line (D6), in terms of total particles (DRP) and infectious vector yields (lU) by 2- 
6.5 fold. These data strongly suggest that rep52/40 overexpression in a stable cell line 

30 context is an effective method to augment rAAV yields. 
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Example 6 

rAAV production in cells other than HeLa cells 
The rAd5/E3/TRE-rep52/40 may also be used in rAAV production systems 
involving cells that are not transformed cancer cells such as low passage 293 cells 
5 (human embryonic kidney cells transformed v/iih Ad El), MRC-5 cells (human fetal 
fibroblasts), WI-38 cells (human fetal fibroblasts), Vero cells (monkey kidney cells) 
and FRhL-2 cells (rhesus fetal lung cells). Vero and MRC-5 cells have been used to 
produce numerous human vaccines, including poliovirus (both oral and inactivated) 
and rabies vaccines. The safety of the cell lines has been demonstrated by 

10 pharmacovigilance of > 100 million doses of inactivated poliovirus vaccine, >20 
million doses of rabies vaccine, and > 100 billion doses of oral (live) polio vaccine. 

Vero cell lines containing all the genetic elements required to produce rAAV 
were generated. Low passage Vero cells (ATCC CCL-81) were transfected with a 
tripartite plasmid containing a rAAV genome encoding green fluorescent protein, 

15 AAV rep and cap genes and the neo*^ gene as described in Clark et aL, Hum, Gene 
Ther., 6: 1329-1341 (1995). Following G4 18 drug selection and cell line screening, 
4 of 70 clones (C2, Dl, C24 and Ell) were found to produce rAAV2/eGFP viral 
particles when infected with Ad5. Two of the cell lines (C2 and Dl) were compared 
in a small-scale production run to a HeLa line (2F10) which also produces the 

20 rAAV2/eGFP particles. The yield of infectious rAAV2/eGFP from the Vero- 

derived C2 line was 61 -fold lower than virus particles produced by the 2F10 HeLa 
cell line. 
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25 

To investigate the difference in rAAV yields between the Vero and HeLa 
producer cell lines, capsid levels and rep-cap gene ampuncation were analyzed. 
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For AAV2 capsid detection, 2F10 HeLa, C2 Vero and Dl Vero producer 
cell line membranes were incubated with a 1:10 dilution of an anti-cap mouse 
monoclonal antibody (Clone Bl, American Research Products, Inc.) Following 
three PBS washes, the membrane was incubated with either an anti-mouse IgG 
5 antibody conjugated with horseradish peroxidase (1:10,000 dilution). Protein 
visualization was achieved using an enhance chemiluminescence peroxidase 
substrate (ECL, Amersham Life Sciences). 

To analyze rep-cap gene amplification in producer cell lines. Southern blot 
analysis was perfomed on 10 ^ig total cellular DNA from the 2F10 HeLa cells and 

10 C2 Vero cells. 48 hours after Ad5 infection, DNA was digested with Spel (cuts 
once in the plasmid) and hybridized with a 4.3 kb rep-cap gene DNA fragment. 

Capsid levels were significantly lower in both Vero cell lines compared to 
the HeLa cell line. This contributed to lower particles yields in the Vero lines 
because capsid levels must reach a mininial intranuclear concentration before 

15 particle formation occurs. Moreover, the level of rep-cap gene amplification was 
also attenuated. 2F10 HeLa cells amplified the rep gene > 100-fold after Ad5 
infection, while Ad5 induced only a 3-fold rep gene amplification in C2 Vero cells. 

These experiments indicated that Ad5 helper functions could be improved, 
for example, by use of the rAd5/E3/TRE-rep52/40 described herein. In addition, 

20 one group I simian adenovirus (SV-20), when substituted for the human Ad5 helper 
virus in the Vero cell production system described above, was found to increase 
rAAV/eGFP yield 24-fold. C2 Vero and 2F10 HeLa rAAV2/eGFP producer cells 
were infected over a range of moi (1, 10, 100) with Ad5 or one of four simian Ad 
[SV-15 (ATCC VR-1449), SV-20 (ATCC VR-199), SV-27 (ATCC VR-202) or SV- 

25 32 (VR-205)]. Forty-eight hours after infection, cells were collected, heat 

inactivated at 56°C and subjected to 3 freeze/thaw cycles to release rAAV/eGFP. 
Clarified lysate dilutions were prepared and used to infect C12 cells (AAV2 Rep 
expressing cell line) and green fluorescent cells (GFU) were counted at 36 hours 
post-infection. Results are presented in Figure 6. Analysis of AAV2 rep gene 

30 amplification in the C 12 cells infected (data not shown) was consistent with the 
increased yield observed, showing 10-fold rep gene amplification with Ad5 
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infection, 65-fold amplification with SV-15 infection or 145-fold amplification with 
SV-20 infection. 

In other rAAV production systems, cells that are to produce rAAV may be 
infected with E3-deleted rAd encoding Rep52/40 proteins, E3-deleted rAd encoding 
5 AAV cap proteins and E3-deleted rAd containing a gene of interest (or a gene 

expresstion cassette wherein the gene of interest is operatively linked to a promoter 
and polyadenylation signal if the gene is to be expressed) fianked by AAV ITRs and 
are also infected with vaccinia virus encoding AAV Rep78/68 proteins. This 
approach can be particularly useful for cells (such as MRC-5 or WI-38 cells) that 

10 undergo senescence after a limited number of population doublings. The approach 
is referred to as the quad-infection (QI) approach below. Leonard and Bems, 
Virology, 200: 566-573 (1994) describes methods that can be used to generate 
vaccinia virus for the system. 

One such vaccinia virus was generated by homologous recombination between 

1 5 wild-type vaccinia (WR strain) and the pSC65 recbmbmant vaccinia cloning vector 
containing the AAV2 Rep78 coding sequence. Several recombinant Rep78 vaccinia 
viruses (rVV/Rep78) were isolated and plaque purified and demonstrated to express 
Rep78 protein. 

The rVV/Rep78 was used to produce rAAV2/eGFP in HeLa cells by QI. With 
20 reference to Figure 6, HeLa cells were infected with: Lanes 1 and 2, rAAV2/eGFP 
alone (moi=500); Lane3 (-cap), rAAV2/eGFP (moi=500) + rVV/ATGRep78 (moi = 
0.5 lU), rAd/E3/Rep52/40 (moi = 3 lU); Lane4 (-cap), rAAV2/eGFP (moi=500) + 
rVV/ACGRep78 (moi ^ 0.5 lU), rAd/E3/Rep52/40 (moi = 3 lU); LaneS (- 
ATGRep78), rAAV2/eGFP (moi=500) + rAd/E3/Rep52/40 (moi = 3 lU) + 
25 Ad/El/Cap (moi =5 lU) + wt W (moi = 0.5 lU); Lane 6 (-ACGRep78), 

rAAV2/eGFP (moi=500) +,rAd/E3/Rep52/40 (moi = 3 lU) + rAd/El/Cap (moi =5 lU) 
+ wt VV (moi = 0.5 lU); lane7 (^positive control), rAAV2/eGFP (moi=500) + 
plasmid pBS/rep-cap + Ad5; Lane8 (-Rep52/40), rAAV2/eGFP (moi=500) + 
rAd/El/Cap (moi =5 lU) + rVV/ATGRep78 (moi = 0.5 lU); Lane9 (QI), 
30 rAAV2/eGFP (moi=500) + rVV/ATGRep78 (moi = 0.5 lU), rAd/E3/Rep52/40 (mioi = 
3 lU) + rAd/E3/Rep52/40 (moi = 3 lU); LanelO (QI), rAAV2/eGFP (moi=500) + 
rVV/ACGRep78 (moi = 0.5 lU), rAd/E3/Rep52/40 (moi = 3 lU) + rAd/E3/Rep52/40 
(moi = 3 lU). After 48 hours, infected HeLa cells were harvested and a clarified cell 
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lysate was generated. To measure infectious rAAV/eGFP production, the lysate was 
diluted 1,000-fold and used to infect an indicator cell line (CI 2 + Ad5); eGFP positive 
cells per well (2 wells) were counted after 24 hours and the data shown is the average 
ofthe 2 well total. 

5 When all four viruses (rAAV vector, rAd/Cap, rAd/Rep52/40, rVV/Rep78) 

were present (lanes 9 and 10) significant levels of rAAV were synthesized (in excess 
ofthe positive control; lane 6). The effect of omission of the Rep52/40 proteins can 
be seen in lane 8 where there was a 3t5 fold reduction in infectious rAAV/eGFP yield. 
These data demonstrate that the QI approach is indeed a viable option for irAAV 
10 production. 

rAAV were then produced by the QI approach in several non-transformed cell 
lines (MRC-5, Vero, and WI-38). With reference to Figure 7, the indicated cell lines 
HeLa (H), MRC-5 (M5), WI-38 (WI), and Vero (VE) were infected by either 
rAAV2/eGFP (moi=500) alone (lanes 2,4,6,8) or QI (lanes 3,5,7,9) using 

15 rAAV2/eGFP (moi=500) + rVV/ATGRep78 (moi = 0.5 lU), rAd/E3/Rep52/40 (moi = 
3 lU) + rAd/E3/Rep52/40 (moi = 3 lU). As a positive control, an optimal HeLa 
rAAV/eGFP producer cell line (2F10) was infected with Ad5 alone to initiate high- 
level rAAV/eGFP production (lanel). After 48 hr, infected cells were harvested and a 
clarified cell lysate was generated. To measure infectious rAAV/eGFP production, 

20 the lysate was diluted 1,000-fold and used to infect an indicator cell line (C12 + Ad5); 
eGFP positive cells per well (2 wells total) were counted after 24 h and the data 
shown is the average of the 2 well total. 

Using the QI approach, MRC-5 cells yielded only 2-fold less rAAV than the 
control HeLa producer cell line (lane 1). 

25 In yet another alternative system, the cells are mfected with E3-deleted rAd 

both encoding AAV cap proteins and containing an ITR flanked gene of interest (or 
gene expression cassette) and infected with vaccinia virus encoding both the AAV 
Rep78/68 and Rep52/40 proteins. 

30 Example 7 

Purification of rAAV 
rAAV may be purified from producer cells as follows or by other methods 
standard in the art. Following development of Ad 5 cytopathic effect (CPE), the 
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cells are collected and a clarified lysate generated. Residual Ad 5 or vaccinia is 
inactivated by brief heat treatment and r AAV vector is isolated by heparin affinity 
column purification (for rAAV-2 vectors) or by iodixanol/anionic exchange column 
purification (for rAAV-1 or rAAV-5 vectors). Upon final elution, the stock is 
5 dialyzed with PBS (pH 7.4), then sterile filtered and supplemented with 5% 
glycerol. 

While the present invention has been described in terms of various 
embodiments and examples, it is understood that variations and improvements will 
10 occur to those skilled in the art. Therefore, only such limitations as appear in the 
claims should be placed on the invention. 



